I. INTRODUCTION
In this paper, novel use of the piezoelectric polymer polyvinylidene fluoride (PVDF) for robot grippger control is presented. A piezoelectric sensor functions as a rate-of-force sensor for derivative feedback while a strain gauge senses the integrated force exerted upon the entire gripping surface. The sensors are used together in a proportional and derivative (PD) control system. The benefits afforded by the addition of rate feedback are evaluated by comparing the performance of a gripper with and without the piezoelectric sensor.
Most of the research reported on tactile sensing using PVDF has been directed toward the problem of force measurement. Techniques now exist for measuring force using PVDF (such as the use of extremely thin piezoelectric films [l] . [ 2 ] and temperature compensation [3] ). The instrumentation required to measure force, however, is much more sophisticated than that required to measure rate of force. Force-rate sensing is naturally robust because all transient disturbances decay exponentially.
No charge amplification is required. One need only measure the current output of the PVDF transducer to get the rate information. The simplicity of the force-rate measurement using PVDF has been the impetus behind this investigation.
Robot gripper control in this paper is the control o f the force exerted over the gripping area. Force control is directly related to the important issue of gripper compliance control, because if the force is controlled and the loop gain is specified, then a particular degree of compliance will result. Compliance control could also be defined in terms of the finger position and velocity [4] , or in terms of both force and position [ 5 ] . Gripper control, in general, may also depend on static variables such as object orientation [6] - [10] . In this paper we examine control in terms o f force alone to focus attention on the benefits provided by the piezoelectric sensory feedback.
Manuscript received December 8, 1986; The control problem discussed here is the maximization of the rise time of a step change in force under the constraint of zero overshoot. The problem is specified in terms of step response rise time and overshoot because the most demanding gripper applications require fast response time and generally cannot tolerate overshoot. The step function is the most difficult encountered in practice and the most practical in view of speed maximization. Thc results for this particular gripper indicate that the addition rate feedback can reduce the force step rcsponse rise time by 88 percent and increase the damping ratio of the dominant poles by more than a factor of 2. In addition, experimental results arc reported which demonstrate the possibility of extending the results to the control of nonlinear impact forces.
Section I1 describes the experimental apparatus constructed. Section I11 describes the results of the theoretical and experimental work using linear models and the experimental apparatus. Section IV contains the conclusions.
EXPERIMENTAL APPARATUS
The purpose of this experiment is to investigate the effect of using a rate-of-force sensor in the force control system of a robot gripper. The gripper on a Rhino XR-I manipulator, as selected for this experiment, is similar in design to many popular industrial grippers. It consists of a dc motor, gear box, and mechanical linkages. The gear box isolates forces cxcrtcd on the gripping surface from the motor. As a result, deactivating the motor causes the gripper jaws to lock in position. The fingers of the gripper are instrumented with a piezoelectric sensor and a force sensor. The force sensor is a Transensory Devices' TP 4010 silicon strain gauge. This sensor is selected for its excellent linearity, low hysteresis, absolute accuracy, and commercial availability. The rate sensor is the laboratory prototype developed at Virginia Tech. This setup is shown in Fig. 1 .
A . PVDF Sensor
Piezoelectric sensors can be used for force-rate sensing because the charge generated by a piezoelectric is almost linearly proportional to the force exerted on its surfaces. Therefore the current generated by the piezoelectric approximates the derivative of the force. This current measurement is generally less sensitive to disturbances and drift than charge measurement. The piezoelectric polymer PVDF is an ideal piezoelectric for rate-of-force sensing because of its strong low-Q response, ease of use. and compliance; properties which are lacking in most nonpolymeric piezoelectrics.
A simple PVDF sensor was constructed for this investigation using the following technique. A film thickness of 50 pm was chosen because it provided the best compromise between signal strength and bandwidth. When selecting a film thickness, a thicker film increases the signal strength while the response time of a thinner film is shorter. Hence film thickness is important in designing the sensor bandwidth and signal-to-noise ratio. Most piezoelectrics are responsive to forces i n more than one direction. This multidirectional character is useful in many applications [ l l ] , but to simplify this investigation the response due to normal forces is isolated. To isolate the normal force, the film is firmly bonded to a relatively incompressible epoxy backing. This configuration rcjccts 'Certain commercial products are identified in this document to adequately identify the system. Such identification does not imply recommendation by the authors, nor does it imply that the materials or equipment are necessarily the best for the purpose. the stretch (elongation) mode response while allowing the normal (compression) mode response. Commercially supplied film is available with metalization of various thicknesses and compositions. As with the film thickness, the metalization becomes a design criterion. Thicker metalization provides better shielding, but thicker metalization also loads the surface, limiting the responsiveness. In our experiments, a metalization of 400-A-thick nickel-aluminum was selected.
All but a small circular spot of conductor is etched2 away on one side of a rectangular piece of PVDF film as shown in Fig. 2 . The opposite side of the film is left completely covered by the metalization. The inner conductor of a short piece of high-gauge coaxial cable is connected to the conducting spot using conductive epoxy. One edge of the film is bent upward, and the outer conductor of the coax is attached to the front surface at the bend. Finally, the sensor is potted in the nonconducting epoxy with the conducting surface of the film facing outward as shown in Fig. 2 . The coaxial cable and grounded front surface provide excellent shielding, while the potting epoxy provides support for the cable connection and the film. This construction technique is a modification of the technique described by Dario et al. [ 9 ] for piezoelectric array sensors. (This technique, however, requires a special feed-through circuit board for support and electrical connection.)
The coaxial cable is connected to a nearby transconductance amplifier, which converts the current to a voltage using l-MQ gain resistor. Thus 1 V of sensor response corresponds to 1 FA of current. A more complete description of the sensor construction can be found in [ 131.
E . Modeling
The robot gripper control system is shown graphically in the block diagram of Fig. 3 . The transfer function G ( s ) gives the dynamic relationship between the current command for the drive circuit and the force measurement obtained from the force sensor. Using classical modeling techniques [13] , the input-output relationship for G ( S) can be represented by the following frequencydomain transfer function model: model for the rate sensor is
The gains K and l in Fig. 3 are respectively scalar forward and rate feedback gains. A complete description of the electronic circuitry used in the control system may be found in [13] .
RESULTS
In this section the results of theoretical and experimental tests, which compare the performance of the gripper control system with and without rate feedback, are reported. The theoretical tests were performed by simulating the system response using the linear models. The experimental results were the corresponding responses using the physical system. Two basic tests were performed. First, the potential of the additional feedback for preventing overshoot during a step transition in force was tested. Second, the smallest achievable rise times, with and without rate feedback, were compared. The description of the experimental results also includes an impact test using the PD control system.
A. Test I : Overshoot Suppression
This first test is designed to evaluate the ability of the PD control system to prevent overshoot during a step transition. First, the system is analyzed using the models (1) and ( 2 ) . The rate feedback gain l is set to zero. The forward gain K is raised to the value of 300, which causes overshoot in the response as shown in Fig. 4(a) . At this forward gain, the overshoot is 25 percent, and the settling time is 200 ms. Next, without changing forward gain K , the rate feedback gain is raised to a value of 25, which reduces the overshoot to a smooth monotonic response as shown in Fig. 4(b) .
The rise time in both cases is the same, but because oscillations about the steady-state value are eliminated, the settling time is reduced to only 150 ms when rate feedback is included. Therefore
Similarly [ 131, the piezoelectric force-rate sensor (the piezoelectric the models indicate that overshoot can be damped through rate element coupled with the transconductance amplifier) is reprefeedback without sacrificing speed. sented by the block p ( s ), The frequency-domain transfer function
To check the aforementioned theoretical results, the same test was performed on the physical system. Fig. 5(a) time are roughly the same. This discrepancy between the calculated B. Test 2: Rise-Time Mznirnizarion and experimental responses is probably caused by frictional effects and gear backlash, which are not included in the model of the grip-This test demonstrates the response speed enhancement attainper. able g PD control system. Since the PD control system When rate feedback is included (same forward gain), the overallows the damping to be increased as the forward gain is inshoot is completely suppressed as shown in Fig. 5(b) .
As in the creased, much higher forward gains may be used without overtheoretical response, the rise time is virtually unaffected by the adshoot. Fig. 6(a) shows the theoretical step response of the proporditional feedback, and the settling time is reduced.
tional system (rate gain 1 = 0 ) when the forward gain is set such that the response is nearly unstable ( K = 500). The overshoot in force is 60 percent, and the settling time is 700 ms. If the rate feedback is raised to 30, all overshoot is eliminated, and the rise time is reduced to 60 ms as shown in Fig. 6(b) . This rise time is approximately the fastest rise time predicted by the models.
Higher forward gains require significantly higher rate feedback gains, which tend to overdamp the response to such an extent that longer rise times result. For purposes of comparison, Fig. 6(c) is included to show the fastest monotonically increasing response without rate feedback. The constraint of monotonicity is added to make the results more realistic. In the actual control system, if no rate feedback is used, all damping must come from friction. In practice, most nonmonotonically increasing responses lead to actual overshoot due to friction nonlinearities. Comparing the rise times of the responses in Figs. 6(b) (60 ms) and 6(c) (500 ms) indicates that an 88-percent improvement in response rise time is possible.
Applying the same criteria to the physical system, the step response rise time, as shown in Fig. 7(a) , is 2 s . When the forward gain and rate feedback gain are increased together to achieve the minimum step response rise time, the rise time is reduced to 90 ms, as shown in Fig. 7(b) . Thus experiment indicates that the response time can be improved by more than 95 percent using rate feedback.
C. Discussion
These tests show that the important design objectives of reduced force overshoot and increased gripping speed can be achieved using the force-rate feedback. The reason for this improvement is apparent upon analysis of the system in the frequency domain. Fig. 8(a) shows the trajectory of the poles of the proportional feedback con- trol system (the control system without rate feedback) with respect to the proportional gain K . The dominant closed-loop poles in Fig.  8 (a) move toward the right half-plane as the proportional gain K is increased, increasing the overshoot and settling time. (Also note that the relative stability is decreased.) The closed-loop poles in Fig. 8(a) , marked K = 300 and K = 500, have respective damping ratios of ( = 0.31 and ( = 0.21. The corresponding time responses for the closed-loop system are shown in Figs. 4(a) and 6(a) . Fig.  8(b) shows the locus of the closed-loop poles as a function of the rate feedback gain I for the case when the forward gain is fixed at K = 300. The root locus of the dominant poles shows that for I between 0 and 2 5 , the damping ratio (( ) and the undamped natural frequency ( W , ) both increase. The net result is that the overshoot can be reduced without significantly increasing the rise time. If the rate feedback gain is increased beyond I = 25, the response becomes slower. Thus the best compromise between short rise time and low overshoot seems to occur at the peak of the damping ratio, a useful observation for selecting the rate gain. The closed-loop pole positions are marked showing their positions when the rate feedback gain is set at I = 25. The position of the poles at this gain indicates that the damping ratio has increased from < = 0.31 to = 0.69; an increase of more than a factor of 2.
D. Impact Experiment
This section closes with a nonlinear experiment that extends the preceding experimental results to real-life gripping conditions. In the aforementioned tests, the gripper was always in contact with the object with some small initial contact force. In the actual gripping processes, however, the gripper would usually close unimpeded, until it made contact with the object to be grasped. Fig.  9(a) shows the step response when the wide-open gripper closes with proportional feedback onto an object placed symmetrically between the fingers. The response finally reaches steady state (not shown) after 10 S . In contrast, Fig. 9(b) shows the step response when the system is adjusted with the same forward gain as above, but rate feedback is included. This response exhibits only a few percent overshoot, and the settling time is 300 ms (after impact). Thus the rate feedback should provide significant improvement in the performance under practical gripping conditions.
IV. CONCLUSION
A robot gripper control system has been constructed and analyzed to evaluate the usefulness of piezoelectric rate-of-force sensor feedback in a gripper force control. Rate sensing was shown to provide a method of actively damping the force exerted by the gripper. Specifically, the rate feedback was shown to be effective in suppressing overshoot occurring during step transitions in force. and to improve the step response rise time by as much as 88 percent. Experimental test results were shown to demonstrate the possible extensibility of the results to the damping of impact forces. Overall, this investigation indicates that significant advantages exist in the use of piezoelectric rate-of-force sensors for the control of robot grippers.
INTRODUCTION
The visualization of the mechanical properties of biological objects seems to be the most important application of the scanning acoustic microscope (SAM) in biology. As a rule, the constrast of acoustic images is greater then it would result from changes in the reflection coefficient. In the case of images obtained by defocusing, i.e. the distance between the lens and a sample different from the focal length, the brightness distribution is different from the brightness distributions in analogous images obtained by setting a sample in the focal plane (see [l] , Fig. 3) .
In 1984 J. A. Hildebrant and D. Rugar [ 2 ] described a method for gaining information about the damping and impedance of a cell from acoustic images of a sample placed in the focus and for the lens-sample distance greater then the focal length. The purpose of this study is to show that the contrast in images from an acoustic microscope obtained for distances shorter then the focal length can be caused mainly by local changes in the velocities of longitudinal waves in the sample. Moreover, in particular, with an appropriate choice of the preliminary defocusing, changes in brightness are a linear function of changes in velocity.
A plano-parallel liquid layer, with impedance slightly different from the impedance of the coupling medium (water), set on the solid substrate, was assumed as a model of the biological sample, both in theoretical considerations and measurements.
The amplitude of the signal received from the transducer, for work outside the focus, depends on the curve V ( z ) , affected by both mechanical parameters of the sample, the parameters of the acoustic pulses and also the way of their electronic processing.
V ( z ) CURVES FOR T H E LIQUID LAYER
In describing the effect of biological layer on the V ( z ) curve, it is possible to use the simple geometrical model [3] , assuming only the existence of a wave directly reflected from the liquid-substrate boundary and a wave coming from a leaky Rayleigh wave (LRW). This seems particularly justified for layers with thicknesses of the order of a few wavelengths. The difference in the time of arrival at the transducer between the wave emitted by the LRW and that directly reflected from the substrate is very small compared with the length of pulses (a dozen or so high-frequency periods), and their time separation can only occur for very large defocusings. The introduction of the layer exerts no significant effect on the possibility of imposition of these pulses.
Signals coming from the wave reflected from the surface of a biological sample and those from multiple reflections within the layer are shifted in time with respect to the signal coming from a direct reflection from the substrate. For the thickness of the layer of the order of a few wavelengths, they usually do not take part in the formation of V ( z ) curve. At the same time they are usually cut off by a gate that chooses a signal serving in controlling the brightness of the spot on the microscope screen.
The impedance of the biological material is usually comparable with that of the coupling liquid. On the other hand, the impedance of the substrate is greater by an order of magnitude than that of the biological material. Therefore, the amplitudes of waves reflected from surface of the sample and those reflected multiple times within the layer are small compared with the amplitude of wave reflected directly from the substrate. The signal of the reflection from the surface of the sample is additionally decreased because of the distance between the reflecting surface and the focus enhanced by the thickness of the layer.
Because of considerable differences in the amplitude of waves reaching the transducer, it seems that the results obtained above can also be applied in the case of layers thinner from a few wavelengths.
If the V(z) curve is formed for a system without a biological sample, the phase difference between the wave coming from the LRW and that reflected directly from the water-body boundary is described by phase difference = 4af C* cos Qr Vr C = A Z -r
where A is a constant independent of Z , f i s the frequency, C is the wave velocity in the coupling medium, Vr is the velocity of the LRW, Qr is the Rayleigh angle (sin Qr = C / V r ) , and Z is a variable describing the magnitude of the defocusing.
Analogously, it is possible to find phase relations for the case of a liquid layer with a velocity different from that of the coupling medium, set on a solid substrate (Fig. 1) .
where A is analogous to ( l ) , Fo(d) = A d , F ( C s , d ) = 47rdf( l / C s cos Q'r -( r q Q ' r / V r ) -(1 / C S ) ) , d is the thickness of the layer, CS is the velocity in the material of the layer, and Q'r is the Rayleigh angle (sin Q ' r = C s / V r ) .
The oscillation period of the V ( z ) curve depends on the value of A . It follows from comparison of (1) and (2) that this period is the same for a curve obtained for the substrate and for that obtained after introducing the liquid layer.
The introduction of a layer with a given thickness adds two terms to the expression of the phase difference, the first of which is constant and the other depends on the wave velocity in the layer.
To obtain equal differences in (1) and ( 2 ) , the additional phase term in ( 2 ) must be recompensated by changing the value of Z . This is equivalent to shifting the V ( z ) curve on the axis Z. This shift can be calculated from the following formula:
shift of the function V ( z 1 =
F(CS, d ) -F o ( d )
0885-3010/8910100-0134$01.00 0 1989 IEEE
